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ABSTRACT
Song, Zhibin. M.S.M.E., Purdue University, August 2015. Modeling and Simulation
of Heat of Mixing in Li Ion Batteries. Major Professor: Likun Zhu.
Heat generation is a major safety concern in the design and development of Li ion
batteries (LIBs) for large scale applications, such as electric vehicles [1]. The total
heat generation in LIBs includes entropic heat, enthalpy, reaction heat, and heat of
mixing [2]. The main objective of this study is to investigate the influence of heat of
mixing on the LIBs and to understand whether it is necessary to consider the heat
of mixing during the design and development of LIBs [3]. In the previous research,
Thomas and Newman derived methods to compute heat of mixing in LIB cells. Their
results show that the heat of mixing cannot be neglected in comparison with the other
heat sources at 2 C rate [4].
In this study, the heat of mixing in different materials, porosity, particle sizes,
and charging/discharging rate was investigated. A COMSOL mathematical model
was built to simulate the heat generation of LIBs. The LIB model was based on
Newmans model. LiMn2O4 and LiCoO2 were applied as the cathode materials, and
LiC6 was applied as the anode material [5]. The results of heat of mixing were
compared with the other heat sources to investigate the weight of heat of mixing in
the total heat generation. The heat of mixing in cathode is smaller than the heat
of mixing in anode, because of the diffusivity of LiCoO2 is 1 × 10−13 m2/s, which
is larger than LiC6’s diffusivity 2.52 × 10−14 m2/s. In the comparison, the heat of
mixing is not as much as the irreversible heat and reversible heat, but it still cannot
be neglected.
Finally, a special situation will be discussed, which is the heat of mixing under the
relaxation status. For instance, after the drivers turn off their vehicles, the entropy,
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enthalpy and reaction heat in LIBs will stop generating, but the heat will still be gen-
erated due to the release of heat of mixing. Therefore, it is meaningful to investigate
to see if this process has significant influence on the safety and cycle life of LIBs.
11. INTRODUCTION
1.1 Overview of Li Ion Batteries
The Li ion battery is a kind of secondary battery (rechargeable battery), which
mainly depends on the work of moving of the Li ions between the positive electrode
and the negative electrode. In the charge process, the Li ions deintercalate from
the positive electrode and move to the negative electrode through the electrolyte.
In the discharge process, the Li ions deintercalate from negative electrode and move
to the positive electrode through the electrolyte [6]. Materials containing Li ions
are commonly used as the electrode element. The LIB is representative of modern
high-performance batteries. The positive electrode half-reaction is:
The negative electrode half reaction is:
Li ion batteries have been industrialized since 1992. The market increased rapidly.
Its growth rate is ten times that of the lead-acid battery. The rapid development of
the Li ion batteries attracted great interest in the electric vehicle industry. With Li
ion batteries applied in electric vehicles, the safety issues in the vehicles with a large
capacity, high power LIB and battery pack got more and more attention. Although
the Li ion batteries safety has been greatly improved compared to the lithium batterys
safety, as a vehicle power source, lithium ion batteries still have many safety risks,
especially to the battery under abusive conditions (overcharge, pinning, extrusion
voltage, short circuit, etc.) [7, 8] The safety issue has become the bottleneck of the
wide use of Li ion batteries in electric vehicle.
2Figure 1.1. Li ion battery discharge mechanism
Li ion battery safety is highly concerned, and it’s closely related to the desired
application. The application of Li ion batteries in electric vehicle, regardless of the
level of single capacity, must use a combination of the batteries. In any use of the
process of a single battery over charge or over discharge, particularly for a high -
capacity battery, no thermal disturbance are likely to exceed the battery limitation
of the material thermally stable state and ultimately lead to thermal runaway and
cause safety problems. Due to urgent need of low - carbon economy and green energy
development, countries have been using the Li ion batteries for electric energy. Thus,
in order to promote the rapid and healthy development, to carry out the Li ion battery
safety, as well as analyze the thermal properties for realistic using, Li ion battery
3thermal characteristics and extended methodology is undoubtedly very important
and urgent.
Thermal behavior of Li ion batteries has been studied for a long time due to their
risks of explosion under high temperature and problems for thermal runaway. The
thermal sources in Li ion batteries include resistive heat, reaction heat, entropic heat,
and heat of mixing. In this research, the heat of mixing was mainly discussed. Heat
of mixing is also called enthalpy of mixing [4]. It is a small heat source, but can exist
although the charge and discharge process have been stopped.
Heat of mixing is the heat that is taken up or released upon mixing of two (non-
reacting) chemical substances. When the enthalpy of mixing is positive, mixing is
endothermic while negative enthalpy of mixing signifies exothermic mixing [9,10]. In
ideal mixtures the enthalpy of mixing is null. In non-ideal mixtures the thermody-
namic activity of each component is different from its concentration by multiplying
with the activity coefficient.
In other words, heat of mixing is the difference between the enthalpy of a mixture
and the sum of the enthalpies of its components at the same pressure and temperature.
When two liquids are mixed, the final enthalpy is not necessarily the sum of the pure
component enthalpies. This is because the unlike interactions between molecules is
most likely different than the like interactions. Thus, if the A - B interactions are
stronger than the A - A and B - B interactions, then the mixing process will be
exothermic (heat will be released because the more tightly bound A - B interactions
are at a lower energy).
In the previous researches, heat of mixing is a small source to compare with
the total heat generation, so that it might be ignored at some time. However, the
heat of mixing does not only exist during the charging and discharging process, but
also exists after the charging and discharging process have been finished. Thats the
most significant reason to investigate it. The objective of this research is to find the
important factors of heat of mixing, and find out the rules that how do they influence
the heat of mixing.
4The calculation of heat of mixing had been done by previous literatures. Newman
and Thomas did recognized work with this topic. In this research, we are trying to
do several things:
• Making clear how the parameters will influence the heat of mixing specifically.
• Doing integration for the current, but not assume it as a constant in the pseudo
2D model simulation.
• Calculating heat of mixing using the new result of the current density.
• Trying to make a 3D structure model and investigate the thermal behavior.
Therefore, this is a work about the investigation of the property of heat of mixing
and simulation in an advanced method.
1.2 Literature Review
The heat generation problem has been studied for a long period due to it is being
a significant factor to the cycle life and security of the Li ion batteries. In a paper
from Newman and Thomas, they also tried to simulate the heat of mixing of cathode
in Li ion batteries. Newman’s model was applied in that research, and the model was
built for a half cell [2]. Through the simulation, they got the results of heat of mixing
in 1/3 C, 1 C, and 2 C rate, and compared them to the other heat sources.
In the results from Thomas’s paper, heat of mixing has the same magnitude as the
irreversible and reversible heat. At that time, people cannot know the concentration
change within the particles clearly, so they assumed the concentration change within
particles is linear. The same assumption was also made for the concentration across
the electrode [2]. Nowadays, we have many ways to monitor the concentration change
in cathode, even in micro scale, and have advanced simulation software, so a more
detailed and advanced simulation should be done. Kumaresan and R.E White ob-
tained the open-circuit potential vs state-of-charge profiles of LiCoO2 and MCMB by
5conducting half cell tests. They got entropy of LiCoO2 and MCMB as a function of
state of charge [5]. The detailed mathematical measurement was discussed in another
paper from Thomas and Newman. The experimental results also used in this research.
Based on the experimental results, Kumaresan built a thermal model to simulate the
discharge performance of the Lithium ion batteries at different temperatures and C
rates.
After that, Cai and White built a mathematical model of Li ion batteries with
thermal effect in COMSOL. In the simulation, the cell voltage, concentration of elec-
trolyte, and the temperature on the cell surface were investigated. They proved that
the thermal behavior of a lithium ion battery during discharge can be predicted by
using COMSOL [11]. The success of their research made us mind to use COMSOL
to do the thermal simulation of heat of mixing in Lithium ion batteries.
Heat of mixing also mentioned in Zhang’s doctoral thesis [12]. A clear process of
how to calculate dH/dC was conducted in the thesis. He also used the Newman’s
model and assumed the spherical particles are uniform in the electrodes. Averaged
heat generation rates were obtained by simulation in two cases. The averaged gen-
eration rate of heat of mixing was −7.55× 10−14 W and −2.31× 10−13 W when the
potential sweep rate was 0.4 mV/s and 1 mV/s [12].
Kim and Park modeled for the thermal behavior of a Li ion battery during charge
process. They built the whole electrodes, and connected positive electrode and neg-
ative electrode node by node. In this way, they can investigate the heat transfer be-
tween electrodes [13]. The simulation results showed temperature distributions based
on experimental image and modeling. It is meaningful if we continue to investigate
heat of mixing transfer and compare to their results.
Baba and Kawauchi also built a model to do numerical simulation of thermal
behavior of Li batteries by using single particle model. In their model, each of negative
and positive electrodes is represented by a single spherical particle in the electrolyte
phase. The physical quantities are approximated by parabolic profiles within each
6electrode [14]. Therefore, it limited to show the heat of mixing across electrolyte and
electrode. Thats a reason we choose the Newmans model.
To know more about the heat generation in Li ion batteries, we checked Jiang
and Sun’s paper. They did thermal analyses of LiFePO4/graphite battery for dis-
charge process. Joule Heat, reversible entropy heat and ionic migration heat were
shown as results in the paper [15]. We didn’t apply LiFePO4 in this research, but
it is meaningful to compare the results with them to know the differences between
materials.
To show the properties of heat of mixing, LiCoO2 and LiMn2O4 were taken as
the cathode materials, and LiC6 was taken as anode material.
Lithium cobalt oxide was first proposed by Mizushima as a Li ion battery cathode
material. The theoretical specific capacity is 274 mAh/g, but currently its actual
specific capacity is about 140 mAh/g [5]. Because its production process is simple
and electrochemical properties are stable, it captured market quickly. The Lithium
cobalt oxide material has a high voltage, steady discharge curve for large current,
high specific energy, and its structure is good for lithium ions transfer.
Lithium manganese oxides theoretical specific capacity is 283 mAh/g, but the
actual specific capacity is between 110 to 120 mAh/g. Its advantage are good stability,
non-polluting, high voltage, and low cost. Currently the applications are mostly
LiMn2O4 in Spinel type, having a three-dimensional tunnel structure. The average
operating voltage of LiMn2O4 is about 3.8 V [12].
1.3 Mathematical Model
The pseudo 2D Li-ion cell model consists of three regions - the negative composite
electrode (with LiC6 active material), an electron-blocking separator, and positive
composite electrode (with LiCoO2 active material). During discharge, lithium ions
inside of solid LiC6 particles diffuse to the surface where they react and transfer
from the solid phase into the electrolyte phase. The positively charged ions travel
7via diffusion and migration through the electrolyte solution to the positive electrode
where they react and insert into solid metal oxide particles [16]. Electrons follow an
opposite path through an external circuit or load. Here, we briefly summarize that
pseudo 2D electrochemical model and introduce the coupled lumped thermal model.
Figure 1.2. Geometry of Li ion battery pseudo 2D model
As we can see in Figure 2, the software separates the model into three regions.
The left part is the anode, the middle part is the separator, and the right part is the
cathode. The length of the each part represents the thickness for them. Different
from the 1D model, the pseudo 2D model assumes that each region was constructed
by particles. The black points we can see in the anode and cathode region are the
particles selected in this model.
For easy calculation, we assume the particles in the model are uniformly spherical.
The spherical particle was constructed by 20 spherical layers. In COMSOL software,
the concentration for each layer within the particles can be known. The concentration
difference from the surface to center of a particle will lead to enthalpy change, which
is the heat of mixing within the particles.
Moreover, because the current density is not a constant across the electrode thick-
ness, the integration for the current density needs to be done before the heat of mixing
across electrode and electrolyte calculation.
1.3.1 Governing Equations
Based on the Newman’s model, the final form of the heat generation is:
Q = I (V − Uavg) + IT ∂U
avg
∂T
+
∑
k
Havgk rk + ∫
∑
j
∑
i
(
Hij −Havgij
) ∂cij
∂t
dv (1.1)
8where Q is the heat transferred from the surroundings to the battery system, V
is the cell potential, U is the thermodynamic (open-circuit) potential and evaluated
at the average state of charge in the electrodes, T is the temperature, I is the current
(positive on discharge), which is obtained by the integration of current density in,
cij is the concentration of species i and is a function of position and time; Hij is the
partial molar enthalpy, which is a function of composition, pressure, and temperature;
and the integral is over the entire volume of the system [2].
In the Equation (1.1), the first term on the right side is the irreversible resistive
heating, which is caused by the deviation of the cell potential from its equilibrium
potential by the resistance of the cell to passage of current. The second term is the
reversible entropic heat, the third term is heat change by any chemical reactions that
may be present in the cell, and the last term is the heat of mixing.
The goal of this research is to investigate the last term in the above equation.
Through the deviation in the Thomass paper, the part of heat of mixing could be
written as below:
Heat of mixing within particles:
Qmixing =
∂
∂t
[
1
2
∂Hs
∂Cs
∫ (Cs − Cs,∞)2dv
]
(1.2)
∂Hs
∂Cs
= −F ∂UH
∂Cs
(1.3)
UH = U− TdU/dT (1.4)
The dH/dC is obtained by numerical differentiation of UH over concentration,
where UH is the enthalpy potential, Cs is the local concentration, F is Faraday
constant, dU/dT is measured concentration, and is thus dependent upon state of
charge [12]. The experimental results of U and dU/dT from the Reference are used
at here [5].
Figure 1.3 and Figure 1.4 show the open circuit potential of LiCoO2 and LiC6.
Because the cell voltage cannot reach a very low point, 3.6 V was selected to be the
9Figure 1.3. Open circuit potential of LixCoO2 vs state of charge [5]
Figure 1.4. Open circuit potential of LixC6 vs state of charge [5]
stop condition for the discharging process. Based on this condition, 0.5 - 0.95 SOC
period of the LiCoO2 and 0.28 - 0.78 SOC of the LiC6 were selected to use.
Figure 1.5 and Figure 1.6 are the derivative of OCP over temperature. Then, based
on the curve fit on Figure 1.3 to Figure 1.6, the derivative of partial molar enthalpy
over concentration can be obtained by Equation (1.2-1.4), so that the important data
dH/dC can be derived by integration.
Based on the results of the simulation, the concentration at each layer can be
known. Then, we can do integral for the direction from center to surface of a particle.
10
Figure 1.5. dU/dT of LixCoO2 [5]
Figure 1.6. dU/dT of LixC6 [5]
Heat of mixing within particles:
C =
l − x
l
C1 +
x
l
C2; l = r2 − r1 = R
n
(1.5)
where C is local concentration, C1 is the first layer concentration next to the
particle center, C2 is the concentration at next layer, l is the length between each
layer, r2 and r2 is the radius at different layers. The assumption is the concentration
is linear increasing or decreasing between each connected layer. Because there are 20
11
Figure 1.7. The derivative of partial molar enthalpy over concentration of LiCoO2
Figure 1.8. The derivative of partial molar enthalpy over concentration of LiC6
layers for a particle, the elemental length is only 0.1 µm for the LiCoO2 particles, so
that the error caused by the linear assumption is neglected.
Then, we can go ahead to do the integral part in the equation (1.2)
12
r2∫
r1
(C − C∞)24pir2dr (1.6)
=
1
l2
r2∫
r1
[(C1 − C∞) l + x (C2 − C1)]24pir2dr (1.7)
=
1
l2
r2∫
r1
[l2(C1 − C∞)2 + 2l (C1 − C∞)x (C2 − C1) + r2
(
C2 − C1)2
]
4pir2dr (1.8)
= (C1 − C∞)24pir
3
3
|r2r1 +
2
l
(C1 − C∞) (C2 − C1) 4pir
4
4
|r2r1 +
r5
5l
4pi(C2 − C1)2|r2r1 (1.9)
The Equation (1.9) is the final form we get for the heat of mixing within particles.
For the heat of mixing across the electrolyte and electrode, the integral is different
from the previous one.
Heat of mixing across electrode or electrolyte:
d/2
∫
−d/2
(C − C∞)2dv =
d/2
∫
−d/2
(C − C∞)2dx (1.10)
C = C1 +
x
d
(C2 − C1) = (d− x)
d
C1 +
x
d
C2 (1.11)
=
d/2
∫
−d/2
(
d− x
d
C1 +
x
d
C2 − C∞
)2
dx (1.12)
=
1
d2
d/2
∫
−d/2
[d (C1 − C∞) + x (C2 − C1)]2dx (1.13)
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= d(C1 − C∞)2 + d
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(C2 − C1)2 (1.16)
Where d is the element length of electrode, the electrode was separated by 40
elements. The element length depends on the electrode thickness.
There is also heat of mixing within pores, but we can know it is quite small from
the Thomass paper, not even in the same magnitude with other heat of mixing source.
Therefore, it was not considered at here, but the equations are shown below:
Heat of mixing within pores:
H =
1
C0,∞V0,∞
∂H
∂C
|∞
(
I
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)2
ε3
L
(
R
εinsertion
)4
1
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(1.17)
H =
1
C0,∞V0,∞
∂H
∂C
|∞
(
I
FD
)2
pi
96
R4L (1.18)
To investigate the heat of mixing, we need to know how it is compared to the other
heat sources, especially to the total heat generation. Therefore, the mathematical
model of irreversible heat and reversible heat were also built for the research.
Irreversible heat:
Hirreversible = in · s · n · η (1.19)
Reversible heat:
Hreversible = in · T · dU
dT
· n · s (1.20)
Where in is current density, is over potential, L is length of electrode, R is the
radius of the particle.
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1.3.2 Parameters, Initial Values and Stop Conditions
Table 1.1. Parameter of the LiCoO2 standard discharge model
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Table 1.1 included parameters and initial values for the standard pseudo 2D model.
The C rate, particle radius, porosity, and thickness will change in the follow research
to compare the results to this. Stop condition is decided by the cell voltage. As
we can see from the Figure 1.3 and Figurer 1.4, to have stable cell voltage, the stop
condition for the discharging process is lower than 3.6 V, and the stop condition for
the charging process is higher than 4.2 V [17].
1.4 Validation
Because there is not experimental result to compare, to make sure the simulation
results are correct, a validation is necessary.
The parameters in this validation are the same as the parameters in Thomas’s
paper. The only difference is the concentration distribution. In Thomas’s paper, they
assumed the change in enthalpy upon relaxation of pseudo-steady-state concentration
gradients that were formed within spherical particles in an electrode with a uniform
current distribution. However, in the real situation, the current distribution is not
uniform, so in our model, the concentration gradients within spherical particles in
the electrode were formed with an integral current distribution. Because of that,
the results of heat of mixing in validation model might be larger than the results in
Thomas’s paper, but they should still have the same magnitude [2].
The basic parameters are shown below:
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Figure 1.9. The model parameters from Thomas’s model
The results in Thomas’s paper are shown below:
Table 1.2. Simulation results of Thomas’s model
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Figure 1.10. Open circuit potential of LixMn2O4
Figure 1.11. dU/dT of LixMn2O4
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From the above figures, it is easy to find the final value of the heat of mixing,
irreversible heat and entropic heat. The results are shown below:
Table 1.3. Simulation results of validation model
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Figure 1.12. Heat of mixing results of the validation model
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Figure 1.13. Irreversible heat and entropic results of the validation model
Compared validation results to Thomas’s results in Table 1.2, the heat of mixing
within particles and the heat of mixing across electrode are in the estimated range of
Thomas’s results. The heat of mixing across electrolyte is larger than it is in Thomass
model is because the electrolyte salt concentration change is not uniform.
The electrolyte salt concentration change in validation model is shown below:
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Figure 1.14. Electrolyte salt concentration change in validation model
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2. RESULTS AND DISCUSSION
2.1 Investigation on Lithium Cobalt Oxide
LiCoO2 is what we were mainly focused on in this research. It is widely used in
various areas, which include electric vehicles, cell phones, laptops, etc. Tesla Motor
Model S used the LiCoO2 batteries as its power source instead of the traditional
petroleum.
To investigate the heat of mixing generation, a standard model should be used to
compare with the heat generation under different parameter conditions.
Table 2.1. Main parameters for the standard model of Li ion battery
Figure 2.1 shows the primary results that we get from the model using standard
parameters. The magnitude of heat of mixing within particles is almost ten times
smaller than the heat of mixing across electrode and electrolyte. It is because the
concentration gradient from particle surface to the center is much smaller than the
concentration gradient across the electrode.
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2.1.1 Result for The Standard Model
Figure 2.1. Heat of mixing within particles, heat of mixing across
electrode and heat of mixing across electrolyte from the standard
model
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To analyze the results, the Figure 2.1(a) shows a high value at the beginning of
the curve. It is due to the high value at the beginning of the dH/dC of LiCoO2
which we can check in Figure 1.7. The concentration difference between two layers
within the particle is only 8-10 mol/m3. Because the concentration difference within
the particles between each two adjacent layers is small, the curve trend of the heat
of mixing within particles is highly similar to the curve of dH/dC of LiCoO2. The
small concentration gradients also lead to the small magnitude of the heat of mixing
values.
Figure 2.1(b) shows the heat of mixing across the electrode. There are two valleys
at the second half of the discharge process. They come from the concentration change
during the discharge. Figure 2.2 shows the concentration change within the particle
by time.
Figure 2.2. Li ion concentration change along the electrode
The curves represent different position points that are selected along the electrode
from separator to current collector. It is easy to see that the concentration difference
become larger in the second half of the discharging process. Based on this and the
equation (2) we can explain the jump in the second half of the heat of mixing across
electrode.
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Figure 2.3. Electrolyte salt concentration during 1C discharge
For the same reason, Figure 2.3 can explain the phenomenon shon Figure 2.1(c).
The curve of heat of mixing across electrolyte is correlated with the electrolyte salt
concentration change.
Here we can know the trend and magnitude of heat of mixing, but to know how
important it is, we need to compare it to other heat sources. Figure 2.4 is the powers
for the different heat generations. It is obvious that the power of reversible heat is
larger than the power of irreversible heat and heat of mixing.
To compare the heat power more clearly and directly, several time points were
selected to show the ratio of the power of heat of mixing to the power of irreversible
heat and the power of reversible heat. Table 2.2 shows the results of the percentage
comparison of the powers. The power of heat of mixing is only 1 percent lower
than the power of reversible heat in the most of the time. The highest value of the
percentage to the total heat power is about 10 percent.
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Figure 2.4. Powers of heat of mixing, reversible and irreversible heat
in 1C discharge
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Table 2.2. Percentage of power heat of mixing to other heat sources
Lastly, the total energy generation of the heat of mixing, irreversible heat and
reversible are also simulated. The results are show in Figure 2.5. The heat of mixing
is meaningful to be considered at the beginning of the discharging process, but can
be neglected with the reversible heat quickly generated.
Figure 2.5. Energy generation of heat of mixing, reversible heat and
irreversible heat in 1C discharge
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2.1.2 Different C Rate
C rate has the most significant influence on the heat generation, so it is very
necessary to first compare the heat of mixing generation at the different C rates. In
the research, 0.1 C, 1 C and 5 C were applied for the simulation.
The 1 C rate simulation results have been shown in the previous standard model
results. The enthalpy change across the electrode and electrolyte are necessary to
be considered about. Compared to them, the enthalpy change within the particles is
very small.
However, the situation is different when we applied the current density as 0.1 C
and 5 C rate. For the 0.1 C, the results are shown below:
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Figure 2.6. The heat of mixing for the 0.1C discharge
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From the Figure 2.6(a) and Figure 2.6(b), the value of enthalpy change in electrode
and the enthalpy change within particles are 5-10 times smaller than the results under
the 1 C rate. The enthalpy change in electrolyte is not uniform like it is under the 1
C rate, which is because the electrolyte salt concentration change under 0.1 C rate is
very small. The concentration goes up and down in a small range, so that the enthalpy
change has a similar curve to it. Figure 2.7 shows the electrolyte salt concentration
change in the cathode. It looks jumpy, but it is because the concentrations change is
very small due to the low current density.
Figure 2.7. Electrolyte salt concentrations in 0.1C rate
In the next step, the heat of mixing generation under the 5 C rate was investigated.
Because of the high current density, the discharging process cannot be finished, and
it stopped at around 0.6 of state of discharge (SOD). To compare the results with the
standard model of 1C rate, it was easy to see the difference of magnitude. Although
the discharging process stopped quickly, the highest value of enthalpy change still got
-200 J/m2, which was 10 times larger than it was under the 1 C rate.
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Figure 2.8. Heat of mixing for the 5C discharge
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From the electrolyte salt concentration curve for the 5 C discharging process, we
can find why it stopped early. Because the Li+ concentration reached the maximum
value on the surface of the particles, the potential in the cathode went down very
quickly. It led to the cell voltage decreasing and reaching the stop condition at 0.6
SOD. This phenomenon is based on the high diffusivity of electrolytes, which will be
discussed in the next chapter in detail.
Figure 2.9. Electrolyte salt concentrations in 5C rate
Figure 2.10. Cell voltage of 5C discharge
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The stop condition for this simulation is cell voltage less than 3.6 V, so that the
discharge process stops at 0.59 SOD. It is also why the Li ion batteries cannot be
fully charged or discharged in high C rates.
2.1.3 Heat of Mixing in The Charging Process of Different C Rate
To think about the difference between the charging and discharging process, the
heat of mixing generation during the charging process is shown below. The basic
parameters for the simulation are the same, what changed was only current direction.
Figure 2.11. Heat of mixing for 0.1C charge process
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Figure 2.12. Heat of mixing for 5C charge process
The curves trend just like the opposite curves for the discharging process, so the
explanation for the discharge curves can also explain the curves for charge.
Combined with the results from charging and discharging simulation, the con-
clusion is the heat of mixing doesnt make up a high percentage in the total heat
generation, but it is more meaningful to consider under the high C rate charge or
discharge.
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2.1.4 Different Particle Sizes
Particle size of anode and cathode material is directly related to the lithium ion
diffusion path length, which has a huge impact on electrodes performance at the high
rate [14]. When the particle size is small and specific surface area generally large,
on the one hand, it can make the current density of the electrode decrease to reduce
the polarization of the working electrode; on the other hand, it can provide more
channels for lithium ion transport and shorten the migration path, reducing diffusion
impedance, thereby improving the high-rate performance of electrodes. Therefore, the
material that has smaller particle sizes and nanostructures (nanospheres, nanowires,
nanorods, nanotubes and nano-film) typically exhibits better performance than the
lithium-ion battery cathode materials [3].
Particle size of a spherical object equals to its diameter. Here, it is presented by
radius. The heat generation can be influenced by particles sizes. In the standard
model, which was shown previously, the particle radius was 2 µm. To compare with
the standard results, 1 µm radius and 4 µm radius were taken. The simulation results
are shown below:
The difference of heat of mixing for the different particle size is mainly in elec-
trodes. The curves of heat of mixing across the electrolyte are almost same. The
difference comes from inside the particle. Because the particle diameter decreases,
the concentration gradients become smaller, so the heat of mixing within a single
particle should reduce. However, because the concentration gradients were small, it
is not a big difference for a single particle, but the number of particle in the same
volume will increase dramatically. This leads to the heat of mixing within particles
increasing.
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Figure 2.13. Heat of mixing for the particle size r = 1 µm
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Figure 2.14. Heat of mixing for the particle size r = 4 µm
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2.1.5 Different Porosity
Porosity is a measure of the void spaces in a material, and is a fraction of the
volume of voids over the total volume, between 0 and 1, or as a percentage between
0 and 100 percent. There are many ways to test porosity in a substance or part,
such as industrial CT scanning. The term porosity is used in multiple fields including
pharmaceutics, ceramics, metallurgy, materials, manufacturing, earth sciences, soil
mechanics and engineering.
Generally, the porosity is presented as the function below:
ε =
VV
VT
(2.1)
where VV is the volume of void space and VT is the total or bulk volume of
material, including the solid and void components. Apply different pressures during
the electrode production process, can yield different porosity of the material. In the
standard model, we assumed that the porosity equals 0.3 as ideal condition. In this
part, to investigate the influence of different porosity to the heat of mixing, 0.4 and
0.5 were applied to simulate heat of mixing.
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Figure 2.15. Heat of mixing for the porosity equal to 0.4
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Figure 2.16. Heat of mixing for the porosity equal to 0.5
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From Figure 2.15 and Figure 2.16, we can see that the heat of mixing is higher
in the electrode with lower porosity obviously. It is because the electrode with low
porosity has more active materials and the higher Li ion concentration gradient in
electrolyte at low porosity. The electrode has higher porosity means electrolyte can
go through it easier, so that the concentration gradient in electrolyte it lower than it
is in the electrode with smaller porosity. That is the reason of heat of mixing across
electrolyte with small porosity is larger than it is in high porosity electrode.
2.1.6 Different Thickness
The thickness of the electrode can be changed, so we can make different thickness
of the material. In this simulation, 50 µm, 70 µm, and 90µm were applied as the
thickness.
The active material increases with the thickness increase. Therefore, the heat of
mixing have to be increased too. However, from figures, we found the heat of mixing
increased with the electrode thickness dramatically. It is because the current density
increased for the thicker electrode. To charge a battery with thicker electrode to full,
higher current needs to be applied for extra active material. Then, the higher current
lead to the larger concentration gradient and faster change.
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Figure 2.17. Heat of mixing for the thickness equal to 70 µm
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Figure 2.18. Heat of mixing for the thickness equal to 90 µm
2.2 Investigation on LiC6
Synthetic graphites, such as mesocarbon-microbead (MCMB) have been used com-
mercially by many battery companies as anode materials in LIBs because they have
shown a reversible electrochemical behavior and a low, flat potential curve for the
lithium intercalation/deintercalation process. LiC6 is the most commonly used for
the anode electrode of LIBs. It has high power density and flat potential curve.
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In the full cell model, it is meaningful to consider the heat generation from both
electrodes. Actually, in most situations, the heat of mixing in the anode is larger
than the heat of mixing in the cathode.
The basic parameters of the anode are shown in Table 1.1 and Table 2.1. The
heat of mixing was calculated with the same method as LiCoO2, so the derivative of
partial molar enthalpy over concentration obtained by equation (3) and (4) of LiC6
needs to be applied.
2.2.1 Different C Rate
In the research, the heat of mixing in the anode for the different C rates was
simulated to compare to the cathode materials. Just as it in the cathode simulation,
0.1 C, 1 C and 5 C were applied.
Standard model for 1 C rate:
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Figure 2.19. Heat of mixing at 1C rate for anode
Figure 2.19 shows the standard model results for LiC6 anode. Because of the
larger particle size, the heat of mixing within particles is larger than in the cathode.
Also, the concentration gradient is larger than the gradient in the cathode due to the
smaller diffusivity.
Figure 2.20 shows the concentration across the electrode in the anode. The legend
shows the elements in the electrode. There is no big jump or drop during the process.
Thats why it has smaller heat of mixing.
Above are the heat of mixing results for the different C rates. For the same reason
that discussed in 0.1 C results, the heat of mixing across the electrolyte is still not
uniform due to the tiny change of the electrolyte salt concentration. The process for
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Figure 2.20. Li ion concentration change along the electrode
Figure 2.21. Heat of mixing at 0.1C rate for anode
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Figure 2.22. Heat of mixing at different 5C rate for anode
5 C stopped early due to the cell voltage decreasing quickly, so that we cannot see
the maximum value for this process, but it will be shown later.
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2.2.2 Different Anode Particle Sizes
Because the results of cathode material simulation showed that the particle size
influences the heat of mixing, the same simulation was done for the anode. In the
standard model, we applied 7.5 µm as the radius, and used 6 µm and 9 µm radius
to compare with it. The heat of mixing curves of r = 7.5 µm are the same as those
shown in the standard model results. The curves of heat of mixing for r = 6 µm and
9 µm are showed in Figure 2.23 and Figure 2.24.
Figure 2.23. Heat of mixing for the radius of particle in anode equal to 6µm
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Figure 2.24. Heat of mixing for the radius of particle in anode equal to 9µm
2.3 Investigation on LiMn2O4
As reference, another cathode material was also investigated the heat of mixing
in cathode electrode. Different parameters were applied, especially to the diffusivity.
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2.3.1 Standard Model
Table 2.3. Parameter of the LiMn2O4 standard discharge model
Lithium manganese oxides theoretical specific capacity is 283 mAh/g, and the
actual specific capacity is between 110 to 120 mAh/g. Its advantage is good stability,
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non-polluting, high voltage, and low cost. Currently the applications are mostly
LiMn2O4 in Spinel type, having a three-dimensional tunnel structure. The average
operating voltage of LiMn2O4 is about 3.8V.
Standard model results:
Figure 2.25. The derivative of partial molar enthalpy over concen-
tration of LiMn2O4
To simulate the heat of mixing for LiMn2O4, the derivative of partial molar
enthalpy over concentration of LiMn2O4 also needs to know. Figure 2.26 is the
dH/dC that we get from Zhangs paper. It was obtained by Equation (1.3) and (1.4)
and based on the curve fit by entropy of LiMn2O4.
Figure 2.25 shows the results for the LiMn2O4 at 1C rate discharge. The maxmium
value of the heat of mixing across the electrode is larger than the heat of mixing across
the electrode in LiCoO2, which is because the value of dH/dC is larger than dH/dC
of LiCoO2. The drop at the beginning of the curve of heat of mixing in the electrode
is because of the large concentration gradient at that time. The concentration sta-
tus is shown in Figure 2.26. Because the concentration gradient is so small at the
medium period, the heat of mixing is also small during that period, although the
dH/dC reaches the peak value at that time.
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Figure 2.26. Standard model results of heat of mixing for LiMn2O4
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Figure 2.27. The Li ion concentration change along the LiMn2O4 electrode
2.3.2 Different C Rates
For the 0.1C rate, the heat of mixing across the electrolyte is also small enough
to be ignored. The magnitude is the same as the magnitude of the results of 0.1C
rate for LiCoO2.
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Figure 2.28. Heat of mixing at 0.1C rate for LiMn2O4
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Figure 2.29. Heat of mixing at 5C rate for LiMn2O4
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2.3.3 Different Particle Size
The particle size of LiMn2O4 is smaller than the particle size of LiCoO2. Usually
it is only a half of that. Therefore, to investigate the influence of particle sizes on
the two materials, 0.5 µm, 1 µm and 2 µm were selected as the particle radius of
LiMn2O4.
It is interesting that we found for the same particle size, such as r = 1 µm, the
heat of mixing within particles of LiCoO2 and LiMn2O4 has the same magnitude,
but when the radius change to 0.5 µm for LiMn2O4, the heat of mixing within
particles decreases dramatically. It is because the Li ion can reach the center of
particle much easier within the smaller particles. Due to the shorter distance and
the same diffusivity, Li ions take short time to reach the center after they get into
the particles through surface. This phenomenon leads to the concentration gradient
is smaller within smaller particles. Based on Equation (2), we can explain why the
heat of mixing within particles changes dramatically with the particle size.
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Figure 2.30. Heat of mixing for particle radius equal to 0.5 µm in LiMn2O4
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Figure 2.31. Heat of mixing for particle radius equal to 2 µm in LiMn2O4
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2.4 Summary
From the above data, heat of mixing is influenced by C rate, particle size, porosity,
and thickness. These are the parameters we can control during the manufacturing
procedure and charging or discharging process. To summarize the results, heat of
mixing not only increases with C rate and thicknesss increasing, but also increase
with particle size and porositys decreasing. Based on these simulations, we can know
how to control the heat of mixing change when it is necessary.
Another factor that should be noticed is the volume change. The volume expan-
sion of the negative active material is 14 percent from C6 to LiC6 after fully charg-
ing [18], and the volume contraction of the positive active material is 1.07 percent
from Li0.4CoO2 to Li0.95CoO2 after discharging [19]. If the particle volume changed,
the concentration within particle will also change with it. The heat of mixing is
significantly influenced by concentration gradient, so the volume change also has in-
fluence to the heat of mixing. The volume change was not discussed in this model
is because the volume change in LiCoO2 and LiC6 is small. Even for LiMn2O4, the
volume change is only 6.5 percent [20]. The influence to the concentration is not as
important as the C rate and particle size. However, if Silicon is applied as the anode
material, the volume change will be very important to consider. The volume change
of silicon could reach 300 - 400 percent during cycling [21], so that the concentration
will change dramatically with the volume change, and it will also be a significant
factor of the heat of mixing.
In the comparison of heat of mixing and total heat, heat of mixing is quite small.
It is usually lower than 10 percent of the total heat, sometimes even lower than 1
percent. Therefore, heat of mixing is not as important as resistive heat or reaction
heat, but it is important to consider it when the other heat sources are also small.
Moreover, the heat of mixing is caused by concentration gradient, so it does not
rely on external potential and current. It still exists after the charging or discharging
process has been stopped. In that case, it has to be considered.
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3. NANO CT EXPERIMENT
Many mathematical approaches of the previous section are based on using a homo-
geneous porous electrode with spherical particles. Those models assume a constant
as the porosity, and calculate without the consideration of the pores construction.
Actually, by using material properties and assumed geometrical characteristics, the
models successfully described most of electrochemical performance of LIBs. However,
the homogeneous electrode models were found to analyze material degradation and
localize particle interactions for LIBs without morphological effects [22]. The effects
will eventually influence the LIBs voltage specific capacity, and discharge/charge rate
due to the electron and lithium ions transportation. Therefore, it is important to
develop the realistic 3D geometry of the electrode material to enhance the transport
simulations and degradation predictions. X-ray computed tomography (CT) is the
method that was chosen to build the 3D geometry. It is a technique that enables the
reconstruction of the 3D morphology.
The goal of this research:
• Quantify geometric characteristics of a porous electrode
• Reconstruct anode electrode using x-ray micro- and nona-CT
• Quantify porosity, specific surface area, tortuosity, pore size distribution
In this section, a synchrotron X-ray CT technique will be used to understand 3D
miscrostructure acquisition of LIB electrodes.[19, 20] It is a non-destructive tomo-
graphic method without physical sectioning and epoxy filling. Therefore, it allows
continuous morphological evolution studies of the porous materials with a high spa-
tial resolution and good image contrast. In the experiment, the electrode was broke
into some tiny pieces. One of the pieces was selected due to the uniform edges and
great top angle to view.
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A schematic of the Nano-CT configuration is depicted in Figure 3.1.
Figure 3.1. Schematic of an x-ray computed tomography
A set of x-ray projected images is generated through the following steps. First,
filtered x-ray sources are compensated for the lack of flux through a high efficiency
reflective capillary condenser lens, and then the x-rays penetrate an object through as
much as 100 µm as the sample thickness limitation depends on the material. Second,
Fresnel zone plates focus x-rays by means of diffraction to make a high resolution
image. The resolution of the zone plate based x-ray microscope is independent of
x-ray source spot size and is ultimately limited by the outermost zone width of the
zone plate such that finer zones give higher resolution [23]. Third, the phase ring
increases the contrast in transmission x-ray imaging for low Z materials. After that,
the x-rays arrive on the scintillator detector and are projected on the CCD. Lastly,
the sample object is rotated at 0.25 degree rotation increment over 180 degree to
capture the next projected image [24].
The hard part of the experiment is how to get a perfect sample. Because the
sample is weak and easy to break, and we have to break it by hand, it is pretty hard
to get a top angle we want to use. The perfect angle should be 60 degree, so that
the camera can take the full view of the material. Moreover, three materials were
prepared for the Argonne trip, which include LiCoO2, LiMn2O4, and NMC+LTAP.
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It is hard to make a sample of LiMn2O4 and NMC+LTAP, because they are easy to
break into powder.
Then, an image processing method, which is the responsibility of my group mate
C. Lim, is going to briefly described.
An x-ray projected image from a synchrotron nano-CT is shown in Figure 3.2(a).
A sinogram data is obtained by stacking all angles of the projected images together.
A section of the sinogram is shown in Figure 3.2(b). To reconstruct the electrode
geometry, the sinogram is transformed in Cartesian coordinate system by employing
the python based framework TomoPy. Figure 3.2(c) shows the transformed image
at the height of the section A-A on Figure 3.2 (a). Bright color regions with high
intensity values represent the active particles of the electrode, while the rest of the
image is regarded as the pore, carbon electric conductor, and binder phases of the
cathode electrode. A 3D volume data can be obtained by stacking the transformed
image set using the Insight Toolkit (ITK) which is an image processing library based
on C++. Moreover, volumetric mesh of the porous structure can be obtained from
iso2mesh Matlab codes as shown in Figure 3.2(d).
63
Figure 3.2. Porous structure reconstruction process by open-source toolkits
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4. 3D MODEL SIMULATION
In the past several years, numerical studies have been conducted to investigate the
morphological effects on the performance of LIBs. For example, Smith et al. devel-
oped a two dimensional (2D) ion transport model using scanning electron microscope
(SEM) images of LIB electrodes [9,25]. These numerical studies elucidated the effects
of the electrodes microstructure on battery performance. However, the 2D model and
the assumed microstructure do not represent the real complex morphology of LIB
electrodes.
Because of the limitation of the pseudo 2D model, we also tried to figure out the
simulation of 3D model. Pseudo 2D model assumes the pores are uniform, in other
words, the geometry of pores are ignored. In the pseudo 2D model, lithium ions go
through the electrodes in a straight line, but that is not true. In the real structure, the
channel is cragged. To make up for this fault, the 3D model based on real structure
is necessary. It is also what we talked about in the last part.
The next step is using the 3D model to simulate the heat of mixing again under
the same parameters. Then compare the results. The simulation of the 3D model
was run in the self-built software by Bo Yan [3]. The platform for this simulation is
on C++.
The main parameters are the same as the standard pseudo 2D model, whose
parameters are shown in Table 1.1. The only difference is the diffusivity.
4.1 New Diffusivity Function
Compared to the 3D model results, the heat of mixing across the electrolyte in the
1D model is much higher. This is because the diffusivity of the electrolyte is different.
In the 3D model, the diffusivity is a function which is relative to the concentration
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and temperature change. But in the 1D model, the electrolyte diffusivity is a constant
from the material reference.
After we checked through the literature, we found that the diffusivity could be
very different in the different references. Therefore, we decided to redo some of the
cases of 1D model to compare with the 3D model simulation results.
Function:
log (De) = 4.43− 54
(
T− 5× 103ce − 229
)− 0.22× 103ce (4.1)
where De is the diffusivity, ce is the local concentration.[5]
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4.2 Charging and Discharging for Different C Rates
1C discharge:
Figure 4.1. P2D and 3D model results of heat of mixing for 1C discharge
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5C discharge:
Figure 4.2. P2D and 3D model results of heat of mixing for 5C discharge
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In the 3D model results, the curve trends and magnitude are the same as the
results of the pseudo 2D model. This means the results are comparable. Then the
Figures 4.1-4.2 show that the values of 3D model results are larger than the 2D results.
Because of the irregular particle shape, particle size distribution, and packing pattern
in 3D structure model, the concentration gradient in 3D model is much larger than it
in P2D model. A simple structure of 3D model is shown in Figure 4.3. The irregular
particle shape lead to the concentration distribution is not uniformed within particles.
The different particle size lead to the larger concentration gradient in the electrode.
All of these factors make the heat of mixing in 3D model larger than it in P2D model.
Figure 4.3. Simple structure of particles in 3D model
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4.3 Summary
After comparing the results from the pseudo 2D model and the 3D model, the
magnitudes are the same. The curves trends are also similar. Through analyze, the
heat of mixing results from 3D model are 3 - 5 times larger than the results from
the P2D model. The factors that made these differences are the irregular particle
shape, particle size distribution, and the packing pattern, which cause the larger
concentration gradient within particles and across electrode. On the other hand, the
relationship between 3D and P2D results are the same in each case. It proves the
results from 3D model are reliable. At last, because the heat of mixing in the 3D
model is much larger than it in the P2D model, it also proves the heat of mixing is
important to be considered in the real situation.
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5. CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
Heat of mixing was usually ignored during the simulation and design, and even
in safety consideration. Through this work, we found it is meaningful to consider at
some time.
From the above results, heat of mixing is influenced by C rate, particle size, poros-
ity, and thickness. These are the parameters we can control during the manufacturing
procedure and charging or discharging process. To conclude the effect, heat of mix-
ing not only increases with C rate and thicknesss increasing, but also increase with
particle size and porositys decreasing. Based on these simulations, we can know how
to control the heat of mixing change when it is necessary.
In the comparison of heat of mixing and total heat, heat of mixing is quite small.
It is usually lower than 10 percent of the total heat, sometimes even lower than 1
percent. Therefore, heat of mixing is not as important as resistive heat or reaction
heat, but it is important to consider it when the other heat sources are also small.
Moreover, the heat of mixing is caused by concentration gradient, so it does not
rely on external potential and current. It still exists after the charging or discharging
process has been stopped. In that case, it has to be considered.
After comparing the results from pseudo 2D model and 3D model, it show the heat
of mixing is larger than we expected in the real situation. The 3D model simulation
helps to know the magnitude of heat of mixing in 3D structure. It also shows the
influence of particle shape and particle size distribution to heat of mixing. It is closer
to the real situation.
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5.2 Future Work
There is some more work that can be done in the future to improve the current
mathematical model of LIBs as shown below.
• Use the 3D model to simulate the heat generation again.
• The temperature change should be considered in the next simulation. Tem-
perature was set as a constant that equal to 298K in this research, but some
parameters will change with temperature, such as OCP, dU/dT.
• Compare the simulation results with some reliable experimental data to see
whether they are the same. If not, investigate the contributing factors.
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